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6 were designated as spMIF1, spMIF2 and spDDT, according to homology and phylogenetic tree analysis, 123 which will be described later. 124 
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The transcript expression of mud crab MIF family members was quantified by real-time PCR using a 147
LightCycler 480 II real-time PCR system and a SYBR Green I master kit (Roche, Germany). The expression 148 of β-actin, a widely used housekeeping gene for mud crab gene expression analysis, was used to normalize the 149 expression levels across tissues and developmental stages. Primers were listed in Table 1 and the PCR  150 reaction was performed as previously described [23] . A serial 10-fold dilution of reference containing equal 151 molar amounts of PCR products of each gene was run along with the cDNA samples in the same plate. Each sample was tested in triplicate. Melting curve analysis was performed for specificity. The 153 transcript expression levels were calculated using the integrated software of the LightCycler 480 system. 154 155 156 Eight adult mud crabs (150 ± 5 g, with carapace length of 56 ± 3 mm) were used in this experiment. The 157 crabs were anesthetized by putting in an ice bath for 5 to 10 min before sacrifice. Hemolymph was collected 158 from the base of the fourth leg with a 5-ml syringe containing 2.5 ml of a cold anticoagulant solution (NaCl 159 140 mmol/L; glucose 100 mmol/L; citric acid 26 mmol/L; trisodium citrate 30 mmol/L; pH 5.0), followed by 160 centrifugation at 500 g at 4 °C for 5 min. The resulting hemocyte pellets were re-suspended in 1 ml TRIzol for 161 total RNA extraction. Meanwhile, for each individual crab, ten other tissues/organs including gills, heart, 162 hepatopancreas, stomach, intestine, testis, seminal vesicle, ejaculatory duct, muscle and brain, were collected 163 separately and were homogenized immediately in TRIzol using a shaker (Retsch MS100, Japan) with glass 164 beads, then stored at -80 ºC until further experimentation. 165 166 167 Live embryos at different developmental stages were obtained from a local breeding farm near Xiamen, 168 China. Eggs, zoea and megalops were pooled to obtain 100 mg of materials and individual crablets were used 169 for RNA extraction. The samples were homogenized in TRIzol as above. Each development stage containedM A N U S C R I P T
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Statistical analysis 173
Differences of transcript expression of mud crab MIF family members between groups of tissues and 174 developmental stages were analyzed using a one-way Analysis of Variance (ANOVA) and the least significant 175 difference post hoc test using the IBM SPSS Statistics 23 package (SPSS, Chicago, IL). Significance was set 176 at p < 0.05. 177 178 179 181 Three cDNA sequences (supplementary Fig. S1 ) encoding for spMIF1, spMIF2 and spDDT, 182 respectively, were cloned and their features are summarized in Table 2 . The spMIF1 cDNA had 99% identity 183 to the recently reported mud crab MIF (Acc. No. JX131610) [20] and encoded the same 120 amino acids (aa) 184 with only one aa difference (H41 to R41). The spMIF2 cDNA also encoded for 120 aa but shared only 62.5% 185 identity to spMIF1 at the aa level. The spDDT cDNA encoded for 115 aa and had identities of 28.3% and 27.5% 186 to spMIF1 and spMIF2, respectively ( Table S1 ), phylogenetic tree analysis (Fig. 1) , conserved gene organisation (Fig. 2) , and conserved structure 193 as seen in the multiple alignment (Fig. 3) . On the one hand, the spMIF1 and spMIF2, along with MIF 194 molecules from other arthropods, i.e. mitten crab, shrimp, water flea Daphnia pulex and lone star tick, shared 195 higher identities to vertebrate MIFs (26.5-44.8%) than to vertebrate DDT (21.2-35.5%, Table S1 ). On theM A N U S C R I P T A C C E P T E D intron phase 0 and the second intron phase II [29] [30] . Analysis of the gene organization in arthropods in the 215 database revealed that water flea MIF1 and MIF2 have only two exons but water flea DDT has the same 216 structure as seen in vertebrate MIF family members (Fig. 2) . To gain further insight into the evolution of the 217 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 10 numbers KJ728660 and KJ728661 (spMIF1), KJ728663 (spMIF2) and KJ728665 (spDDT). All mud crab 222 MIF family genes shared the same three exon/two intron gene structure as seen in vertebrates (Fig. 2) . The 223 two spMIF1 genomic sequences differed only in the intron I, and may represent two alleles of the same gene. 224 The lone star tick MIF gene and water flea DDT gene also had the three exon/two intron structure but the 225 water flea MIF1 and MIF2 had their second intron missing (Fig. 2) general conservation of aa sequences, but also lineage specific characteristics (Fig. 3) . All the MIF family 233 members possess the characteristic N-terminal proline-1 (after cleavage of the initiating methionine) which is 234 the basis of their enzymatic tautomerase activity. Both MIF and DDT from humans and mice have a 235 β1α1β2β3β4α2β5β6 structure [13] . Five distinct aa in human MIF are implicated in the binding and catalysis 236 of its substrate (P1, K32, I64, Y95 and N97, according to the human mature MIF, Fig. 3) [32] that were 237 conserved in vertebrate MIF molecules (Fig. 3) . The first four residues were also conserved in arthropod MIF 238 molecules but only the first three of these five were conserved in DDT molecules from both vertebrates and 239
Results and Discussion 180
Molecular characterization of MIF family members in mud crab
arthropods. There are three conserved cysteine residues (C3-5, Fig. 3 ) across vertebrate MIFs, with C3 and C4 240 crucial for forming the catalytic centre of MIF oxidoreductase activity [11] . Only C3 is conserved across all 241 the MIF family members. However, molecule and lineage specific cysteine residues exist, ie a cysteine residue 242 (C1, Fig. 3 ) was conserved in α1 helix in vertebrate DDTs only and a cysteine residue (C2) in β2 sheet was 243 present in all arthropod MIFs except the lone star tick MIF, but is missing in all the other MIF family 244 members. The lineage-specific conservation of critical residues may reflect a lineage-specific evolution that To shed light on the functional roles in mud crab, the expression of the three MIF family members was 253 comparatively studied in eleven tissues/organs from eight cultivated crabs (Fig. 4) . The expression of all the 254 three MIF family members was detectable in all the tissues examined but with distinct patterns. The spMIF1 255 transcript was highest in hepatopancreas (HP) followed by testis, where the expression was 300-fold lower 256 than in HP, and only low levels were detectable in other tissues (Fig. 4) . The SpMIF2 transcript was highest in 257 intestine and muscle, with high expression levels also detectable in HP, testis, ejaculatory duct and brain, but 258 the lowest levels in hemocytes. The SpDDT transcript was highest in intestine and hepatopancreas, followed 259 by heart, brain, stomach, testis, ejaculatory duct and hemocytes (Fig. 4) . Comparatively, the spMIF1 transcript 260 was lower than spMIF2 and spDDT in all tissues except in HP, where the expression of spMIF1 was 8-and 261 11-fold higher than spMIF2 and spDDT, respectively. The spMIF2 transcripts were less varied and the highest 262 in each tissue except in intestine, heart and hemocytes where no significant differences were seen between 263 spMIF2 and spDDT, and in HP (Fig. 4) . 264 
265
The two MIF paralogues, spMIF1 and spMIF2 are differentially expressed, with spMIF1 preferentially 266 expressed in HP and spMIF2 preferentially expressed in other tissues (Fig. 4) . Differential expression of 267 paralogues in different tissues is a common scenario that may indicate subfunctionalisation/ 268 neofunctionalisation [33] [34] . MIF transcript expression is high in liver, intestine, muscle and immune tissues 269 and showed species-specific patterns. In our comparative expression analysis of tissue distribution, three 270 tissues, HP, intestine and muscle stand out that highly express the MIF family members, (Fig. 4) . TheM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
12 intestine represents the largest compartment of the immune system that is continually exposed to antigens and 272 immunomodulatory agents from the diet and the commensal microbiota, and is the port of entry for many 273 clinically important pathogens [35] . The intestine highly expressed both spMIF2 and spDDT. Vertebrate liver 274 is enriched with macrophages and natural killer cells and is a predominant innate immune organ that plays a 275 vital role in the host defense against microorganisms [3, 36] . Crab HP is a functional counterpart of vertebrate 276 liver, and has been implicated in host defense in invertebrates [19] . Mud crab HP preferentially expressed 277 spMIF1, and also highly expressed spMIF2 and spDDT. High level expression of MIF in HP has also been 278 reported in other crustaceans such as white leg shrimp, mitten crab and mud crab [19] [20] [21] developmental stages (blastula, gastrula, eye placode and pigment), an early larval stage (zoea), the postlarval 292 megalop and juvenile crablets in mud crab (Fig. 5) . The developmental stages were as described previously 293 [39]. The expression of spMIF1 was the lowest amongst the three MIF family members during the embryonic 294 and post-larval stages. The SpMIF1 transcript was the lowest in the embryonic stages, but increased gradually 295 and reached the highest level in the larval stage with a drop at the megalop stage but increasing again inM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 13 crablets (Fig. 5) . Consistent with the high constitutive expression in adult tissues, the spMIF2 transcript was 297 high during the early developmental stages to juveniles, with higher levels detected at the pigmented stage and 298 in megalops (Fig. 5) . SpDDT transcript expression was also high during early embryonic stages (blastula, 299 gastrula, eye placode) but was decreased at the pigmented and zoeal stages, with a surge in expression in 300 megalops and juvenile crablets (Fig. 5) . 301 
302
The low level of spMIF1 transcripts in juvenile crabs may reflect the fact that spMIF1 is only significantly 303 expressed in the HP as seen in adult crabs (Fig. 4) and the relatively small portion of HP in crablets. One 304 interesting finding of the ontogeny expression analysis is the surge of spMIF2 and spDDT in megalops ( BOXshaded. The secondary structure of human MIF family members is shown at the top of the alignment. 476 Conserved residues important for human MIF tautomerase activity are indicated by black arrow heads and 477 conserved cysteine residues by red arrow heads. The accession numbers of the sequences used are as in Fig. 1 . • Two MIF paralogues and one DDT like gene are present in the mud crab Scylla paramamosain.
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) Application spMIF1 MIF1-GSPF1 GCCTCAGCAAGATGGTCAGCGAGATG 3'-RACE MIF1-GSPF2 TCGCCTTCATGGACAAACATCTCGGGAT 3'-RACE MIF1-GSPR1 CAGGTCCTGGAACGCCATGAACATTCT 5'-RACE MIF1-GSPR2 CAGCCTGCCGATGGAACTCAGTCTG 5'-RACE gMIF1-F1 GAAGCCAGGAACGCTGCCACGAT Genomic PCR gMIF1-F2 TCGCCTTCATGGACAAACATCTCGGGAT Genomic PCR gMIF1-F3 GCGGTGGTCAGACTGAGTTCCAT Genomic PCR gMIF1-R3 GGAGATCCCGAGATGTTTGTCCA Genomic PCR MIF1-FL-R CTGGTCAGTCTGTCTGTAGGAGTAGG Genomic PCR MIF1 F GAAGCCAGGAACGCTGCCACGAT Real-time PCR MIF1 R GTCCTGGAACACCATGAACATTCTATCA Real-time PCR spMIF2 gMIF2-R1 CGCCAGGAACTCAGTCATTGCTT Genomic PCR gMIF2-F2 AGTGTCCGTAAGGCTTCAAT Genomic PCR gMIF2-R2 CATCATCAGCCCATCATCTTC Genomic PCR MIF2 F GGAGGAGCGAGTGTCCGTAAGG Real-time PCR MIF2 R CCCATCATCAGCCCATCATCTTCC Real-time PCR spDDT gDDT-F1 GAGAAGCCACCACCATGCCTATC Genomic PCR gDDT-R1 ACAGCCTGATGTGAGTCGGTAAGT Genomic PCR DDT F AAGTCAGAGGCTTACTGCATGGTTC Real-time PCR DDT R CCAAGGGTTGTCTCCAGGTAGGG Real-time PCR β-actin β-actin F GCCCTTCCTCACGCTATCCT Real-time PCR β-actin R GCGGCAGTGGTCATCTCCT Real-time PCR M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Vertebrate MIF -P----------------------------------K-----------------------------C3-C4----I-------------------C5---------------Y-N-------------------------Arthropod MIF -P----------------------------------K-----C2----------------------C3-------I------------------------------------Y---------------------------Vertebrate DDT -P------------------------C1--------K-----------------------------C3-------I----------------------------------------------------------------Arthropod DDT -P----------------------------------K-----------------------------C3-------I---------------------------------------------------------------
• Mud crab MIF family members have a three exon/two intron structure.
• The MIF family is differentially expressed in tissues of adults and during development.
• The MIF family is highly expressed in immune tissues, intestine and hepatopancreas.
